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Abstract 
Austenitic chromium-nickel steel EK-164 is the promising material for manufacturing claddings of fuel pins of fast nuclear reactors. 
Physical and chemical compatibility with typical nuclear fuel compositions on the basis of uranium dioxide pellets is an important aspect 
of ensuring fuel cladding operability. Post-irradiation examination of irradiated combined fuel assembly with maximum burnup 9.1% FIMA 
and damaging dose of 77.3 dpa equipped with fuel pins with claddings made of CHS-68 and EK-164 steels in cold-worked state was 
performed. Gamma-scanning, electric potential resistometry and optical metallography methods were applied in the examination. According 
to the gamma-scanning and resistometry data high-temperature sections of fuel pins are the potential centers of development of fuel pin 
cladding corrosion. Comparative analysis of internal corrosion of fuel pin claddings made of EK-164 and CHS-68 steels along the reactor 
core height was performed. In the section with maximum power density at operational temperatures below 540 °С depth of corrosion of 
CHS-68 steel from the side of fuel did not exceed 15 μm. On similar sections of fuel pin cladding made of EK-164 steel depth of internal 
corrosion amounted to 10 μm. Maximum of corrosion damage for both steel types was registered at temperatures in the range from 600 °С 
to 650 °С . In this case depth of corrosion damages in the form of intercrystalline and general corrosion did not exceed 20 μm. No significant 
differences in the corrosion mechanism between the steels were found. Local exacerbation of corrosion at the junctions between fuel pellets 
and in places of concentration of cesium fission fragments was detected. And contrariwise in place of narrowing residual gap between fuel 
and cladding, where cesium is not present, corrosion of EK-164 steel is minimal. Maximum thinning of cladding of the investigated fuel 
pins with maximum burnup of 9% FIMA amounted to not more than 5% of the original thickness. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Bntroduction 
Studies of cladding materials of BN-600 reactor combined
uel assembly pins with maximum burnup of 9.1% FIMA
nd maximum exposure equal to 77.3 dpa [1] demonstrated
dvantages of the improved steel of austenitic class 07C–
6Cr–19Ni–2Mo–2Mn–Nb–Ti–Bcw (hereinafter referred to 
n the text as CHS-68cw steel) [2] as compared with
tandard cladding material 06C–16Cr–15Ni–2Mo–2Mn–Ti–
–Bcw (hereinafter referred to on the text as CHS-68cd steel)∗ Corresponding author. 
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.V. This is an open access article under the CC BY-NC-ND license ( http://creatis pertains to swelling parameters and physical and mechan-
cal properties. 
Another important aspect of ensuring the required perfor-
ance of fuel pins of power reactors is the physical and
hemical compatibility of fuel pin cladding with uranium
ioxide based fuel rod of pellet type [3] . 
Results of comparative studies of internal corrosion of fuel
in claddings made of EK-164cw and CHS-68cw steels are
eviewed in the present paper. Irradiation conditions are sum-
arized in Table 1. 
esults of studies 
Control of outside surface of irradiated fuel pins by electric
otential method is one of the main non-destructive methods
or evaluation of the effects of radiation induced swelling,cow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Resistogramms of fuel pins: (a) cladding made of EK-164cw steel (maximum swelling 4.9%); (b) cladding made of EK-164cw steel (maximum 
swelling 3.2%); and (c) cladding made of CHS-68cw steel (maximum swelling 7.4%). 
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ophase transitions, local defects and corrosion of cladding ma-
terials [4] . Resistogramms for a number of investigated fuel
pins in the combined fuel assembly are presented in Fig. 1 .
Analysis of central sections of the resistogramms (coordinates
from 0 to 700 mm) evidences that relative growth of electrical
resistivity of cladding is directly proportional to the degree of
radiation induced swelling of structural materials. The secondeak in the resistogramms (coordinates from 700 to 1030 mm)
imited within the high-temperature part of fuel pins by the
pper blanket section is the result of thinning of cladding
aused by internal corrosion. Practically equal value of incre-
ent of electric resistivity not depending on the material and
he degree of swelling is the specific feature of the upper part
f fuel pins selected for comparison. 
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Table 1 
Main operational parameters of the combined fuel assembly. 
Parameter Value 
Sodium temperature at the reactor 
inlet, °C 
∼370 
Rated cladding temperature in the 
section with maximum power 
density, °C (CHS-68cw/EK-164cw) 
(506–534)/(509–538) 
Rated cladding temperature at the 
outlet from the core, °C 
(CHS-68cw/EK-164cw) 
(615–646)/(617–648) 
Maximum burnup, % FIMA 9.1 
Maximum damaging dose, dpa 77.3 
Fig. 2. Character of distribution of fission products along the fuel pins loaded 
with fuel pellets (maximum burnup 9.1% FIMA). 
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oData of resistometry studies demonstrate that level of cor-
osion of internal surfaces is close for both types of fuel pin
ladding in the composition of the combined fuel assembly
nd increases with rise of temperature. 
The main cause of high-temperature corrosion of fuel pin
laddings made of austenitic steels (at T cladd > 570 °С ) is the
resence of corrosive agents and, in particular, of volatile fis-
ion products among which cesium is the most dangerous [5] .
ypical character of cesium migration to the boundary of the
unction between the active and the upper blanket parts of
he fuel pin of the investigated fuel assembly is illustrated in
ig. 2 a. It is evident that with such re-distribution of cesiumithin the high-temperature section there emerges potential
anger of exacerbated corrosion of cladding material from
he fuel side. 
Distinguishing feature of the presented spectrogram is
trict periodicity (with step equal to 10 mm) of peaks of count
ate for 137 Cs within the section of 1100–1400 mm from the
ottom of the fuel pin. The character of distribution of weakly
igrating 106 Ru fission product within the respective section
as inversed shape with minimum of count rate correspond-
ng to cesium maximum ( Fig. 2 b). Such dependence is the
esult of coincidence of scanning step with positions of junc-
ions between fuel pellets and predicts probable existence of
ocal centers of fuel pins internal corrosion at the junctions
etween fuel pellets at 500 °C and higher. 
Direct estimation of corrosion depth was performed for
he combined fuel assembly using the optic metallography
ethod. It was established that on the sections below the
lane of maximum power density ( Table 1 ) internal surface
f fuel pins independently of the grade of cladding steel is
ubject to exclusively intercrystalline corrosion (ICC) to the
epths from 10 μm to 15 μm ( Fig. 3 a). No indications of
orrosion cracking are observed along the boundaries of metal
rystalline grains in the conditions of its moderate swelling. 
Above the center of the reactor core within the area with
emperatures of 510–570 °C CHS-68cw steel working in con-
act with fuel rod undergoes complex ICC and frontal corro-
ion impact to the depth of 20 μm with contribution of frontal
orrosion to the thinning of fuel pin cladding becoming pre-
ailing ( Fig. 3 b). 
Internal corrosion of fuel pin claddings made of EK-164cw
teel in the sections above the reactor core central plane varies
on-monotonously ( Fig. 4 ) remaining as a whole lower than
hat for CHS-68cw steel. Effect of concentration of aggressive
ssion products at the junctions between fuel pellets and nar-
owing of the gap between fuel and cladding materialized in
he conditions of moderate swelling of improved steel can be
onsidered as the reason of non-stable development of corro-
ion. Maximum of physical and chemical interaction between
uel and cladding in fuel pins on the base of EK-164cw steel
as registered at the top of fuel pin active part. Cladding
hins here as the result of frontal corrosion to the depth of
0 μm ( Figs. 3 c, d, and 4 ). 
Technological gap with width equal to 60–80 μm filled
ith fission products and products of cladding corrosion is an
mportant structural feature of high-temperature cross-sections
f fuel pins. According to gamma-spectrometry data cesium
s the main component in this mixture and is responsible for
he frontal damage of the investigated steels. 
onclusion 
Comparative studies of fuel pin claddings made of
HS-68cw and EK-164cw steels demonstrated absence of
ignificant differences in terms of mechanisms and depth
f internal corrosion in the conditions of achieved reactor
peration parameters. 
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Fig. 3. Character of internal corrosion of fuel pin claddings: (a) ICC in the area of fuel pin active part center; (b) frontal corrosion on the top of the active 
part (steel CHS-68cw); (c) frontal corrosion on the top of the active part (fuel pin No. 101, steel EK-164cw); and (d) frontal corrosion on the top of the active 
part (fuel pin No. 50, steel EK-164cw). 
Fig. 4. Dependence of internal corrosion of fuel pin claddings made of CHS-68cd and EK-164cd steels on the position within the BN-600 reactor core 
(maximum parameters 9.1% FIMA and 77.3 dpa). 
E.A. Kinev et al. / Nuclear Energy and Technology 1 (2015) 283–287 287 
 
t  
f  
l
 
n  
c  
t  
o  
i
R
[  
[  
[
[  
[  
 
 With maximum damaging doses ∼77 dpa and within the
emperature range of 500–580 °C corrosion of internal sur-
aces of claddings made of EK-164cw steel remains to be
ower than for CHS-68cw steel. 
Maximum thinning of fuel pin claddings for maximum bur-
up of 9% FIMA caused by frontal corrosion in contact with
esium-containing atmosphere inside the fuel pin at tempera-
ures of 630–650 °C amounts to not more than 5% from the
riginal thickness independently of the composition of the
nvestigated structural materials. eferences 
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